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I. INTRODUCTION 
Nitrification, or the oxidation of ammonium to nitrate 
is a process which, under natural conditions In the soil is 
performed by two groups of autotrophic, aerobic organisms. 
Nltrosomonas and related genera use the energy released when 
ammonia is oxidized to nitrite and Nitrobacter and related 
genera obtain their energy from the oxidation of nitrite to 
nitrate. Because of their specificity of requirements, most 
environmental factors greatly influence their growth and 
activity in the soil. The effect of many of these factors 
have been studied to determine maximum and minimum ranges 
and optimum conditions. 
In most studies, investigators have measured nitrate 
production at infrequent intervals of three to four weeks, 
and have used the data to imply nitrification rate as if it 
were a constant function of time. When nitrate production is 
plotted with time, a sigmoid-like curve is obtained which 
includes a lag phase, a maximum nitrification rate phase and 
a retarded nitrification rate phase. The rate of nitrate 
production is dynamic in the lag and the retarded rate 
phases. Lag phases in most nitrification studies have been 
masked and maximum nitrification rates have generally been 
underestimated. Few studies, then, have produced reliable 
data on the extent of the Influence on the maximum nitrifi­
cation rate in soils as the factors vary from optimum to 
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inhibitive high and low values. 
Losses of nitrogen from the soil generally occur by 
leaching or denitrification. Both processes involve the 
nitrate form and not the ammonium form, therefore the rate 
of conversion to nitrate under various conditions becomes 
important information. Not only is this information of 
interest because of nitrogen loss but also because of the 
differences in the availability of the nitrate and ammonium 
forms. In the soil root zone, nitrate nitrogen is generally 
more available to plants than ammonium nitrogen because of 
the higher mobility of the nitrate ion. The ammonium Ion 
may be adsorbed on the soil colloids or may be fixed in an 
unavailable position. 
With the advent of increased use of ammonium fertilizers 
to Improve soil productivity, the fertilizer industry and 
farmers have found It desirable to lengthen the period from 
the date of fertilizer application to the time of crop 
utilization. Fall fertilization has been promoted rather 
generally throughout the agricultural areas of this country, 
yet if large losses of nitrogen occur by leaching or denitri­
fication, fall application becomes impractical. If, however, 
fall application of ammonium nitrogen produces increases in 
yields which are comparable to spring application, it may 
be advantageous. 
It is desirable to be able to predict the amount of 
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nitrate produced under usual conditions encountered in soils. 
Success in making such predictions is contingent upon a know­
ledge of the magnitude of the effect of the influential fac­
tors as they vary over the range of conditions encountered 
in soils between application time and crop utilization. A 
knowledge of the combined effects of these factors must be 
based on experimental data for variations in each factor 
while maintaining others constant, then interactions may be 
determined. 
A review of the literature revealed that adequate quan­
titative information was not available on the effect of 
environmental conditions on ammonium oxidation to determine 
the influence of these conditions on the lag phase or the 
maximum nitrification rate. Most of the investigations con­
cerning ammonium oxidation have provided data from incubat­
ing soils at near optimum temperature, with ammonium nitrogen 
applications of 100-200 ppm or less and sampling the soils 
at long intervals of time (2-6 weeks). Such dafca estimate 
maximum nitrification rates of less magnitude than actual 
because the lag phase has been disregarded due to the infre­
quent sampling. 
This study was undertaken to obtain further quantitative 
information on the effect of temperature, reaction, and the 
influence of population of nitrifying organisms on the rate 
of nitrification in some Iowa soils. 
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II. HISTORICAL 
A knowledge of nitrate production, especially by com­
posting methods, has existed since the European wars of the 
seventeenth and eighteenth centuries (50), when nitrate was 
produced from "nitre-beds" for military purposes. It was 
recognised that ammonium production was biological but it was 
not until the latter part of the nineteenth century that the 
biological nature of nitrate production was finally demon­
strated by Schloesing and Muntz (56, 57, 58). The organisms 
responsible for oxidation of ammonium to nitrate which was 
called nitrification were cultivated, isolated and described 
by Winogradsky (68, 69, 70). These and the extensive studies 
of Warington (65) and other early experimenters initiated 
a chain of investigations that have established that the 
organisms were aerobic, autotrophic bacteria which develop 
without endospore formation. Rod, coccus and spherical 
shaped cells were observed; some had single polar flagella 
while others were non-motile. Some of the tribe, Nltrobac-
terleae, possessed zoogloeal cysts while others did not. The 
most common genus, Nltrosomonas, along with four other genera 
have been shown to oxidize ammonium to nitrite while species 
of Nitrobacter and Nltrocystls oxidize nitrite to nitrate. 
The colonies which developed on the silica gel media 
ranged in color from light yellow to a dark brown and 
appeared as round soft masses or small drops of yellowish 
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liquid. 
As a result of the autotrophic nature (necessity of 
ammonium as an energy source with which to perform its vital 
functions) and the importance of the conversion of the ammo­
nium to nitrate in soils which the nitrifiers perform, numer­
ous investigations were made to determine which environmental 
conditions influenced their activity. Temperature, moisture, 
aeration, reaction, exchange capacity, population of nitri-
fiers, soil texture or surface area, as well as more general 
factors such as season, and cropping practice have been 
shown to affect nitrification. Nitrate production from 
organic materials has been shown to increase with tempera­
ture from 0° C up to 35° C (47 , 56) and decrease in rate 
at higher temperatures. Nitrification was influenced 
similarly but the optimum temperature was apparently between 
25° and 30° C, beyond which nitrification rate decreases 
(64). Moisture near field capacity or about 60 per cent of 
saturation appeared to be optimum for nitrification with 
variations higher or lower causing retarded rates (26). 
Oxygen contents of 35-60 per cent in the soil air has been 
reported as optimum (48). Nitrification was not completely 
inhibited until oxygen content decreased to below 1 per cent 
of total air in soil (4). Nitrification at pH values as low 
as 4 and as high as 9.5 has been reported, with optima be­
tween 7.0-8.5. A general increase in nitrification with 
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increases in nitrifying population has been shown (16). The 
necessity of a surface area for nitrification has been sug­
gested (36) and a difference in nitrifier activity due to 
different clay minerals has been shown (24). Since soils 
vary greatly In the above factors they might be expected to 
vary in nitrification rate• This has often been reported. 
Most early studies on nitrate production, sometimes 
called "nitrification", were concerned with the formation of 
nitrate from organic nitrogen sources (52). This entire 
process included formation of ammonium, or ammonification, 
and the more specific process of nitrification. Although It 
included nitrification,, which is the oxidation of ammonium 
to nitrite and nitrate, nitrate production will not neces­
sarily be influenced by environmental conditions in the same 
manner as nitrification is influenced. Under most field con­
ditions, ammonia production proceeds more slowly than nitrifi­
cation (18, 46, 51), therefore investigations on nitrate pro­
duction were not necessarily applicable to nitrification 
rates. 
Even when an ammonium source was used, many data were of 
limited value in considerations of nitrification rate rela­
tionships. Often only one or two periods of Incubation have 
been included at each incubation temperature. Since nitrifi­
cation rate is a dynamic function in which the rate changes 
with time (44), one or two periods may be of little value 
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unless the phase of the nitrification curve in which they 
occur is known. 
An additional limitation common to many studies was 
that the ammonium nitrogen applications were generally less 
than 300 ppm. Since sampling periods have usually been 
longer than weekly, a rapidly nitrifying soil under optimum 
conditions could oxidize all the available ammonium and the 
nitrification rate will be limited by a lack of ammonium 
before the first measurement is made. Subsequent determina­
tions then, were merely a measure of ammonifIcation rate. Lag 
periods, which usually existed for varying amounts of time 
were almost entirely ignored. 
More recently, renewed interest in the nitrification 
problem has been aroused as a. result of the rapidly increas­
ing use of inorganic nitrogen in the ammoniacal form and the 
increased interest in fall application. In 1946, about 28 
per cent of the nitrogen applied to soils of the United 
States was added in the ammonium form. In less than ten 
years the relative value had risen to almost 60 per cent (l) . 
The absolute amounts of added total nitrogen also Increased 
from about 300,000 tons to about 1,300,000 tons in the ten 
year period. As a result, the use of ammonia and ammonia 
forming fertilizers for direct application to soil increased 
from less than 100,000 tons in 1946 to about 800,000 tons in 
1955. 
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Advantages of fall application of ammonium fertilizer 
compared to nitrate forms in humid areas may be contingent 
upon a knowledge of the influence of temperature, moisture, 
aeration, reaction, population of nitrifiera, and other in­
fluencing factors on ammonium and nitrite oxidation. Since 
temperature, reaction and population of nitrifying organisms 
appear to be the factors most readily varied in soils, the 
effect of these factors on nitrification in soils was review­
ed. 
A. Temperature Effect on Nitrification in Soils 
A search of the literature Indicated a paucity of data 
on oxidation of ammonia and temperature previous to 1954, so 
a review of the literature of both nitrate production (ammon­
if ication) and ammonia oxidation (nitrification) was made by 
Sabey (54), since it was assumed that temperature affected 
botn processes similarly. This assumption was found to be 
correct only in part. Both processes were shown to increase 
in rate from 0° C up to 25-30° C, at which time nitrification 
appeared to reach a maximum. Inconsistent results at 35° C 
have been noted by the author as well as others (20). Nitrate 
production, however, reached maximum amounts at about 35° C. 
At temperatures above 35° C, both nitrification and nitrate 
production decreased (64). Reports of either process occur­
ring at temperatures higher than 55° C have not been noticed 
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In the literature. Further references are cited in the recent 
publication by Anderson (5) and Frederick (20). 
Anderson studied nitrification of ammonium sulfate and 
ammonium hydroxide at temperatures ranging from 3° C to 11° C. 
In general, nitrification rate Increased with temperature with 
the most rapid increase between 5.5° and 8.3° C. Maximum 
rates at 8.3° C were approximately double those at 5.5° C• 
Maximum nitrification rates varied in different soils under 
similar incubation conditions as has been found by others 
(20, 23, 54). It also was shown that soil reaction effected 
the relationship between temperature and nitrification great­
ly. Amounts of nitrate produced In a given soil at a constant 
temperature were increased by increasing the pH of the soil. 
Frederick (20) working with Indiana soils was able to 
obtain nitrification at all temperatures from 2° to 35° C 
when other factors were favorable. The greatest increase in 
rate of nitrification with increasing temperatures occurred 
between 7° and 15° C. In the Genesee soil, rates of 2, 10, 
45, 60, 90 and 120 ppm nitrate nitrogen were formed per week 
at 2°, 7°, 15.5°, 21°, 27° and 35° C, respectively, until the 
added 200 ppm ammonium nitrogen had been oxidized. Again 
nitrification rate decreased rapidly at all temperatures as 
the hydrogen ion concentration increased. Formation of nitric 
acid as an end product of the process caused the hydrogen ion 
increase. 
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In the above studies, under a given set of environmental 
conditions, rates of nitrification followed a sigmoid-llke 
pattern and as temperature increased to 25-30° C, nitrifica­
tion rate increased. 
When nitrification was studied in soils the relation­
ship between temperature and nitrification was obscured by 
the tremendous differences in the actual rates in different 
soils. Apparently these actual rates varied because of the 
interaction of the numerous factors affecting nitrification. 
B • Population of Nitrifying Organisms in Soils 
Population of nitrlfiers in the soil may be affected by 
numerous environmental factors (15, 62), some of the more 
important ones being, supply of energy materials ( ammonium), 
soil reaction, aeration, moisture, temperature and presence 
of toxic materials. Since soils vary in these factors, dif­
ferences In numbers of nitrifying organisms might be expected 
in different soils. A literature investigation revealed that 
not only was there a scarcity of data on the influence of en­
vironmental factors on nitrifier population, but even that 
very few attempts have been made to determine the extent of 
nitrifying population in various soils. Wilson reviewed the 
literature to 1928 (67). Estimates of 5,000 to 7,000 nitrify­
ing organisms per gram of soil (28), 0 to 10,000 nitrlfiers 
per gm of various soils (12, 13), 10,000 to 33,000 nitrlfiers 
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per gm of peat, of low lime requirement, and no nitrlfiers in 
a peat of high lime requirement (38), 40,000 to 100,000 
nitrlfiers per gm of Russian soil (49), and 100,000 nitrlfiers 
by Millard (43), have been published. Wilson's data indi­
cate that nitrifier population ranged from less than 1,000 
in some soils to greater than 1,000,000 in a manured New 
York soil. He also showed a close correlation between soil 
reaction and population of nitrifying bacteria with less than 
1,000, 3,500, 6,280, 25,000, and 35,000 organisms per gram of 
soil at pH of 6.2, 6.4, 6.6, 6.8, and 7.0, respectively• 
Feher and Frank (17) made counts of nitrlfiers in soils at 
various temperatures and moisture contents. Their counts 
range from 10,000 to 250,000 per gm dry soil. The maximum 
numbers were found at 25° and 35° and 15 to 30 per cent mois­
ture with very little variation in numbers between these 
moisture contents. No data were given, however, on the rate 
of nitrification in these soils to show how population affect­
ed the relationship between temperature and nitrification 
rate. 
It has been stated that nitrification is greated affected 
by differences in population of nitrifying organisms (6, 15, 
45), which logically appeared correct, yet further quantita­
tive proof of the statement was needed. Numerous attempts 
have been made to determine the total bacterial population 
in the soil and relate such Information to fertility of the 
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soil or to some property as nitrate production which is re­
lated to soil fertility. Most often the correlation between 
total bacteria and production of ammonia or nitrate has been 
investigated, the results sometimes showing positive (28, 32, 
33, 45, 53, 49), and sometimes negative (32, 60) relationship, 
or no relationship at all (53). 
Very few attempts have been made to show the more logical 
relationship, that of nitrifier population and rate of nitri­
fication (15, 30). In Texas soils Fraps and Sterges (15) 
without making actual counts showed that inoculating with 
nitrifying bacteria usually caused increased nitrification 
when calcium carbonate was added. The quantity of nitrates 
produced during a 29 day period was used as a measure of 
nitrification. Addition of liquid inoculum alone produced 
little or no nitrification in previously non-nitrifying soils. 
In a sterilized soil to which 500 ppm of ammonium nitrogen 
had been added, nitrification generally increased with In­
creasing inoculum but the increment was not proportional to 
the amount of inoculum added. Hwang and Frank (30) working 
with a rich humus forest soil to which no ammonium was added, 
showed a very close relationship between growth in numbers of 
nitrlfiers and amount of nitrate produced when 50 gm of the 
soil was incubated at 25° C for 27 days. Ammonium supply by 
ammonification may have governed nitrifier population and 
would limit rate of nitrate production. Since both nitrate 
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production and the supply of energy material were controlled 
by ammonifIcation, a close relation might be expected. 
C. Soil Reaction and Limestone Addition 
A voluminous literature exists concerning the effect of 
soil reaction and the addition of limestone on nitrification. 
The range of pH at which nitrification is functional is con­
troversial, the usual extremes being about 3.7 (22, 46) to 
9.-5 (41, 42), with at least one report of active nitrifier 
population in solution at 13.0 (40). Reports from Northern 
European areas (22, 46) consistently Indicate active nitrifi­
cation until the soil reaches a low pH of 3.7 to 4.0, but 
few, if any, investigators from this country have obtained 
nitrification at this low pH. 
Caster et al. (9) at Arizona have published an excellent 
paper on the maximum soil reaction at which nitrification 
proceeds. Their results indicate that Arizona desert soils 
fail to actively nitrify above a pH of 7.7 + 0.1, using soil 
paste method for pH determinations. 
Hofman and Lees (29) found that optimum pH for Nitro-
somonas was 8.6 with almost no nitrification occurring at 
9.6. On the other hand, considerable ammonia oxidation 
occurred at 6.5. For Nitrobacter, optimum pH was 7.7. These 
observations in culture solutions agreed well with results 
in soils reported by Martin et; al. (39). 
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In light of these apparent discrepancies, either experi­
mental techniques are not comparable or else nitrifying 
organisms are capable of adapting themselves to various maxi­
mum and minimum soil reactions (22, 46) or both. It may be 
that different species or strains of nitrifying bacteria 
occurring under the differing soil conditions may grow and 
function over different ranges of conditions. 
Most investigators agree that as pH changes from an 
optimum somewhere between 7.0 and 7.8, nitrification is re­
tarded or inhibited. In incubation studies using either 
organic or Inorganic nitrogen sources, experimenters (46, 62, 
63) have found that as nitrate production proceeds rapidly, 
nitric acid and other acids form which cause a decrease In 
pH and subsequent retardation of nitrification rate. In 
order to be able to determine maximum nitrification rates 
some method of buffering the soil against such drastic pH 
changes is necessary. 
From the earliest experiments on nitrification an accel­
erating effect has been noted when limestone was added to acid 
slowly nitrifying soils (7, 8, 34, 37, 45). Reviews on the 
subject have been made by Coleman (ll) and Kopeloff (35). 
The Inhibition of large variations in hydrogen ion concentra­
tion by limestone additions offered a plausible explanation 
of the stimulatory effect of the soil amendment. 
Although the relationship of environmental factors to 
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nitrification in soils was gradually being elucidated there 
was still a need for further quantitative studies to allow 
a more exact evaluation of the relationship. The magnitude 
of the influence of each factor as It varied from high to low 
values on the nitrification curve established by results 
from several incubation periods rather than one or two needed 
to be determined. To obtain Information regarding the influ­
ence of temperature, soil reaction and population of nitrify­
ing bacteria on the various phases of the nitrification 
curve, additional studies were conducted. 
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III. METHODS AND MATERIALS 
A. General Incubation Conditions 
Laboratory studies were conducted wherein soils were in­
cubated under controlled conditions of constant moisture and 
temperature and involved variations in soils, ammonium appli­
cations, incubation periods, preincubation periods, inocula­
tion with nitrlfiers, soil reaction (pH), and replications. 
These variations are shown in Table 1. 
The sampling frequency was planned to characterize the 
nitrification curve. Length of incubation periods was 
governed by soils used, incubation temperature and amount 
of inoculum of nitrifying organisms added. At low temper­
atures and small populations of nitrlfiers, longer incuba­
tion periods between samplings were used. At higher temper­
atures and large population of nitrlfiers, shorter incuba­
tion periods were necessary to distinguish the lag period 
from the maximum nitrification rate In the nitrification 
curve. In Experiment 1 of Table 1, soil samples incubated 
for long periods were started first, followed by those for 
shorter incubations so that all samples could be removed at 
the same time and analyzed in one group. In the other experi­
ments, soil samples were placed in incubators at the same 
time and analyses for nitrates were made at subsequent sam­
pling intervals. Accumulation of nitrate at the completion 
Table 1. Information on experimental treatments used In these studies 
Treatments 
Expt. 
no • 
Inou- Incu-
No. bation bation NH4 
of temp, period addition NIL 
soils °C (weeks) (ppm N) source 
Inocu­
lum 
added 
x n a 
Pre­
incuba­
tion 
period 
(days) 
Lime­
stone 
added 
(gm/ 
25gm) 
Rep­
lica­
tions 
4 0,5,8, 0-16 0,50, (NH4)S04 
15,20, 100 
25 
4 0,5,10, 0-32 0,200, " — 0,21 
15,20, 400 
25,30 
an refers to an arbitrary amount of concentrated inoculum (1 ml) solution pre­
pared by centrlfuglng cultures of nitrifying bacteria and pouring off the super­
natant. 
^Incubation periods varied with soils and temperatures. Samples incubated at 
low temperatures were incubated longer than those at high temperatures so as to dis­
tinguish the lag period from the maximum rate. 
°Preincubated samples received 200 ppm NH4-N at the beginning of preincubation 
period in addition to the NH4-N addition listed. Nonprelncubated samples received 
only the listed NH4-N additions. 
Table 1. (Continued) 
Expt. 
no. 
No. 
of 
so ils 
Incu­
bation 
temp. 
°C 
Incu­
bation 
period 
(weeks) 
NH4 
addition NH4 
(ppm N) source 
Inocu­
lum 
added 
x n 
Pre­
incuba­
tion 
period 
(days) 
Lime­
stone 
added 
(gm/ 
25gm) 
Rep­
lica­
tions 
3 2 25 0-8 600 (NH4)gHP04 0,1/2,2, 
3,4,5 
— —  O-Hamburg 
2-Webster 
3 
4a 1 0,5,10, 
15,25 
0-32 800 " —  —  0,3 1/2, 
7,10 1/2, 
14 
3 2 
5 1 0,5,10, 
15,25 
0-32 800 " 1,5,10 — — 3 3 
&Prelncubated samples received 200 ppm NH4-N at beginning of the preincubation 
period, and 800 ppm NHa-N at commencement of incubation period. Other samples 
received only 800 ppm NH4-N at the start of incubation. 
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of the Incubation periods was used as a measure of nitrifi­
cation. Soil reaction (pH) determinations on a soil sus­
pension of 2*5:1 water to soil (w/w) were made on most samples 
at each sampling. 
B. Soils Used 
The soils used in each experiment, their location and 
some general characteristics are shown in Table 2- They are 
common soil types in Iowa and cover the general range of 
soil reaction (pH) found in the state. 
C. Soil Preparation, Treatments and Determinations 
1. Air dry soil samples of 25 gm each were weighed and 
placed in four ounce French square bottles. 
2. Ammonium nitrogen, either as ammonium sulfate or 
diammonium phosphate, and inoculum of nitrifying organisms 
was added in solution to the soil samples. 
3. The moisture content was adjusted to near field 
capacity. 
4. Polyethylene coverings, secured in place with rubber 
bands, or screw lids with a small hole in the top, were used 
as caps for the bottles. Both presumably allowed adequate 
aeration, (61) yet maintain moisture level within the optimum 
moisture range for nitrification. 
5. Samples were mixed by hand shaking and placed In 
Table 2. Soils used In these studies 
Years of 
storage before 
Used use In 
Soil in Great soil % experiments 
no. expts. Soil type Location group carbon pH ~T 2 3 4 5 
1 1,2 Clinton silt Marion Co. Gr.Br.Podzolic 1.74 5.2 0 1---
loam 
2 1,2 Taintor sllty Mahaska Co. Wiesenboden 3.55 6.2 0 1 - 3 3 
4,5 clay loam 
3 1,2 Webster sllty Story Co. Wiesenboden 3.20 7.0 0 1 - - -
clay loam 
4 1 Harpster sllty Story Co. Wiesenboden 5.46 7.8 0 - - - -
clay loam 
5 2,3 Hamburg silt Monona Co. Regosol 1.23 8.3 - 0 1 - -
loam (subsoil) 
6 3 Harpster sllty Story Co. Wiesenboden 6.10 7.9 - - 0 - -
clay loam 
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thermostatically controlled incubators which were made from 
used refrigerators and equipped with electrical heating 
units where necessary. 
6. At the conclusion of the incubation period, samples 
were removed from the incubators and 50 ml of distilled water 
was added before shaking for ten minutes on a mechanical 
oscillating type shaker. 
7. After one half hour of standing, soil reaction (pH) 
measurements were made on two ml samples of soil suspension 
with a Beckman G pH meter when desired. The two ml sample 
of soil suspension was then returned to the bottle. 
8. One-third teaspoon of calcium oxide was mixed with 
the suspension. 
9. Samples were allowed to settle or were filtered so 
as to facilitate the withdrawl of an aliquot of clear super­
natant liquid. This aliquot, generally one or two ml, was 
placed In 50 ml beakers and evaporated to dryness on a steam-
plate. 
10. One ml of phenoldisulfonic acid was added to each 
sample of resulting nitrate salt and the beaker rotated to 
assure contact with the acid. 
11. After standing for 15 minutes, appropriate amounts 
of distilled water and sufficient 1:1 (v/v) ammonium hydroxide 
solution were added to make the mixture alkaline and to 
develop color. 
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12. The resulting mixture was transferred to a colori­
meter reading tube and the per cent light transmittancy read 
on the colorimeter scale. Values thus obtained were com­
pared to a standard nitrate curve, corrected for dilution, 
and converted to ppm of nitrate nitrogen on the basis of 
the 25 gm soil sample. Variations in the nitrate nitrogen 
values amongst replications may be as much as one fifth of 
the determined nitrate nitrogen values. 
D. Preparation of Inoculum of Nitrifying Organisms 
The inoculum of nitrifying organisms was prepared by 
inoculating 100 gm portions of nutrient solution with one 
gm of Harpster soil, aerating the mixture, and incubating 
at ambient temperatures. The nutrient solution consisted of 
the following: 
25 gm NagHPO^ 
150 gm KgHP04 
6 gm MgS04 
17 gm (NH4)2HP04 
18 drops 10% PeClg 
1,000 ml soil extract prepared by âuto-
clavlng Harpster soil in water, 
at 15 pounds pressure for one hour 
18 liters of distilled water 
It is similar to the nutrient solution used by Goldberg and 
G-ainey ( 24). 
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Washed air was passed through the flasks for aeration of 
the cultures. When nitrate measurements indicated rapid 
nitrification, ten ml portions of this culture were trans­
ferred to fresh nutrient solution. The process was repeated 
usually once a week or when rapid nitrification occurred. 
Concentrated Inoculum was prepared by thoroughly mixing a 
number of nitrifying cultures, centrifuging and discarding 
the supernatant liquid. Counts of nitrifying population were 
made on the concentrated inoculum and on the soil. 
E. Dilution Counts Procedure 
When dilution counts of nitrifying organisms were made 
the volume of distilled water added to the incubated samples 
previous to shaking, was enough to bring the total volume of 
the soil suspension to 75 ml. From this three-to-one mixture, 
after shaking for ten minutes, three ml of suspension were 
pipetted and transferred to 97 ml of sterile water In dilu­
tion bottles. These bottles were vigorously shaken 25 times 
and a one ml sample of the resulting suspension was pipetted 
into 99 ml of sterile water. Samples of 0.1 ml, 1.0 ml, and 
10 ml were pipetted into five sterile test tubes containing 
the same nutrient solution as was used for inoculum prepara­
tion. Sterile ammonium nitrogen ( (N%)gHP0^) at the rate of 
200 ppm was added. Further decimal dilutions were made up to 
one part in ten million. The dilutions covered the range of 
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nitrifier population from 10 to 10,000,000 per gm of soil in 
decimal frequency. 
The inoculated test tubes were stored at approximately 
25° C in a dark room for two months, then spot tested for 
nitrate by the dlphenylamlne test (2). Estimated population 
from the results of five replications at each dilution have 
been determined by the method of Halvorson and Ziegler (27). 
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I V .  RESULTS AND DISCUSSION 
A. Maximum Nitrification Rate 
When nitrate production from an ammonium source was 
plotted against time a sigmoid-like curve resulted, which 
included a lag phase, a maximum rate phase, and a retarding 
rate phase. The rate of nitrification varied during the lag 
and the retarding rate phases, while during the maximum rate 
phase the rate was nearly constant. By measuring the slope 
of a straight line, superimposed on the maximum rate phase 
of the curve, an estimate of the maximum rate of nitrifica­
tion can be made. This is illustrated in Figure 1. 
Rate of nitrification has been little studied in the 
past. Although mucn time and effort has been expended mak­
ing nitrate measurements at various intervals of incubation, 
few, if any, rate conclusions could be reached from the data 
sported. Measurements of the amount of nitrate formed dur­
ing. incubation periods of long duration could at best infer 
rates which were less than maximum. Consideration of the lag 
periods and the maximum rate have been neglected. Nitrifi­
cation rate conclusions, thus, were less meaningful, since 
this rate was not static but a dynamic function throughout 
the period, with the possible exception of the maximum rate 
phase. 
That this maximum, nearly constant rate under a given 
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General nitrification curve with an approximating 
equation where t is total time and t1 is lag 
period 
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set of conditions was a meaningful and useful concept in 
relating effects of environmental factors was the hypothesis 
substantiated by the data presented here• Regular and fre­
quent sampling periods were necessary, however, to establish 
this maximum rate. In addition to an understanding of the 
maximum rate, lag periods must also be evaluated before the 
total amount of conversion of ammonium to nitrate can be 
estimated. 
1. Influence of temperature 
By measuring the maximum slopes of the linear portions 
of the curves in Figures 2 to 14, maximum nitrification rates 
or K values (55) were determined. Figures 2 to 14 show 
nitrification curves for several Iowa soils of widely vary­
ing reaction, carbon content, storage period and treatments 
as given in Tables 1 and 2. The data used for construction 
of the curves are found in Tables 3 to 9. The more detailed 
data is found in Tables 13 to 16 in the Appendix. 
The K values assembled in Table 10 show that tempera­
tures between 15° and 25° affected this biological reaction 
similarly to other biological reactions as indicated by 
van't Hoff's rule, which stated that the rate of reaction 
increased two to three times for every 10° C rise in temper­
ature (31). 
Vast differences in actual maximum nitrification rates 
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Figure 2. Influence of temperature on the nitrification 
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Figure 5. Influence of temperature and preincubation on 
the nitrification curve in a Webster sllty clay 
loam with an initial pH of 7.0 
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Figure 6. Influence of temperature and preincubation on the 
nitrification curve in a Taintor silty clay loam 
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Figure 7. Influence of addition of nitrifying bacteria on 
the nitrification curve at 5° C in limed Taintor 
silty clay loam 
(n = 1 ml of inoculum) 
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Figure 9. Influence of addition of nitrifying bacteria 
on the nitrification curve at 15° C in limed 
Taintor silty clay loam 
(n » 1 ml of inoculum) 
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Figure 10 Influence of addition of nitrifying bacteria on 
the nitrification curve at 25° C in limed 
Taintor silty clay loam 
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Figure 11 Influence of preincubation period in days on 
the nitrification curve at 5° C in a limed 
Taintor silty clay loam 
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Figure 13. Influence of preincubation period In days on 
the nitrification curve at 15° C in a limed 
Taintor sllty clay loam 
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Figure 14. Influence of preincubation period in days on the 
nitrification curve at 25° C in a limed Taintor 
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Table 3. Influence of temperature on nitrification In soils 
Temper- Nitrate nitrogen - ppm 
ature Incubation period - weeks 
Soil °C 1 2 3 4 6 8 16 
Clinton 1 _a 0 0 0 0 0 
pH - 5.2 5 — 0 — 3 0 0 0 
8 — 2 — 2 3 — 18 
15 2 5 3 3 1 6 — 
20 2 4 3 4 6 — — 
25 1 3 9 - - - -
Taintor 1 0 0 0 0 0 
pH - 6.2 5 — 4 — 17 — 26 32 
8 — 7 — 25 — 40 154 
15 4 21 35 65 91 106 _ 
20 11 31 54 91 101 — — 
25 17 48 82 126 137 - -
Webster 1 9 7 9 11 18 
pH - 7.0 5 — 97 — 152 200 216 — 
8 — 112 — 177 200 210 399 
15 102 197 208 216 241 271 — 
20 138 212 244 248 — — 
25 167 235 264 320 - - -
Harpster 1 — 0 _ 0 2 5 0 
pH - 7.8 5 — 52 — 189 205 226 — 
8 — 102 233 — — 385 
15 Ill 239 — — — — 
20 135 219 248 — — — — 
25 216 264 — — — — — 
aThe dashes in all tables indicate that no determinations 
were made or that lack of ammonia was considered to be limit­
ing to nitrification. Values represent total NO3-N produced 
during incubation with Initial NO3-N subtracted. 
Table 4. Influence of temperature and soil reaction on nitrification in 
preincubated Taintor silty clay loam, pH - 5.4 
Incubation period - weeks 
Temper- 1 2 4 8 16 32 
ature NO3-N NO3-N NO3-N NO3-N NO3-N NO3-N 
°C ppm pH ppm pH ppm pH ppm pH ppm pH ppm pH 
0 - - 0 5.8 0 5.8 0 5.7 45 5.8 41 5.6 
5 13 5.7 21 5.6 51 5.3 140 5.3 175 5.3 
10 27 5.7 41 5.6 63 5.3 216 5.1 22 5 5.2 
15 24 5.7 55 5.6 140 5.2 217 4.8 - -
20 23 5.4 51 5.3 225 4.9 235 4.6 ~ -
25 40 5.4 85 5.3 275 4.9 219 4.8 - -
35 41 5.5 75 5.4 135 5.3 145 5.2 - - -
Table 5. Influence of temperature and soil reaction on nitrification in 
nonpreincubated Taintor silty clay loam, pH 6.2 
Incubation period - weeks 
Temper- 1 2 4 8 16 32 
ature NO3-N NO3-N NO3-N NO3-N NO3-N NO3-N 
°C ppm pH ppm pH ppm pH ppm pH ppm pH ppm pH 
0 - - 0 6.3 0 6.3 0 6.3 0 6.3 8 6.3 
5 0 6.5 0 6.3 13 6.2 44 6.0 74 5.7 
10 - 0 6.3 0 6.3 30 6.2 130 5.8 308 5.1 
15 - 6.2 10 6.3 34 6.1 188 5.0 - - -
20 0 6.0 16 6.2 124 5.5 248 6.0 - -
25 12 6.1 38 6.0 204 5.2 248 4.5 - -
35 16 6.1 44 6.2 171 5.4 194 5.2 - -
Table 6. Influence of temperature and soil reaction on nitrification in 
preincubated Webster silty clay loam, pH 6.0 
Incubation period - weeks 
Temper- 1 2 4 8 16 32 
ature NOg-N NOg-N NOg-N NOg-N NOg-N NOg-N 
°C ppm pH ppm pH ppm pH ppm pH ppm pH ppm pH 
0 0 6.4 0 6.2 0 6.3 120 6.3 90 6.0 
5 20 6.2 60 6.1 90 6.0 140 6.1 150 5.8 
10 40 6.1 51 6.1 43 5.9 200 6.0 230 5.6 
15 49 6.0 80 6.0 100 5.8 214 5.5 - -
20 57 6.0 80 5.9 215 5.6 258 5.5 - -
25 75 6.0 140 5.8 312 5.6 240 5.4 - ~ 
35 100 6.0 100 6.1 280 5.6 42 6.4 - -
Table 7. Influence of temperature and soil reaction on nitrification in 
nonpreincubated Webster silty clay loam, pH 7.0 
Incubation period - weeks 
Temper- 1 2 4 8 16 32 
ature N03-N N03-N N03-N NO3-N NO3-N NO3-N 
°C ppm pH ppm pH ppm pH ppm pH ppm pH ppm pH 
0 - - 0 7.4 13 7.3 13 7.2 36 7.4 155 6.8 
5 - - 21 7.3 67 7.1 149 6.5 225 6.5 235 6.2 
10 - - 55 7.2 40 7.1 205 6.4 355 6.3 355 6.2 
15 45 7.1 113 6.7 245 6.4 345 5.8 - - - -
20 62 6.9 272 6» 6 350 6.2 425 5.6 - - - -
25 105 6.8 251 6.3 400 6.0 443 5.4 - - - -
35 80 7.0 141 6.8 415 6.0 307 6.0 
Table 8. Influence of temperature and days of preincubation at 25°C on nitrifica­
tion In a heavily limed Taintor silty clay loam, pH 7.9 
Days of Temper- Nitrate nitrogen - ppm 
prein­
cubation 
ature 
°G 
Incubation period - weeks 
1/2 1 1-1/2 2 2-1/2 3 4 5 6 8 10 13 19 
0 0 0 0 2 
5 _ — — — — 0 — — — 3 — — 9 
10 — — — 1 — 2 — — — — 17 — — 
15 2 2 3 3 — 15 69 — 465 — — — — 
25 3 9 24 90 222 402 609 - - - - - -
3 1/2 0 — — — — — 5 — — — 3 — — — 
5 — • — — — 7 — — — 16 — 21 — 
10 — 3 — 7 — 12 — — 30 — 51 — — 
15 6 6 14 21 — 93 279 492 — — — — — 
25 9 24 93 336 444 702 1050 — — — — — — 
7 0 
5 : 1 
0 
7 : 24 36 49 
10 — — — 3 — 16 25 — 109 — — — 
15 1 10 28 81 175 400 539 — — — — — — 
25 7 76 286 554 787 886 1113 - - - - - -
10 1/2 0 — 0 1 — 0 _ — -, 0 
5 _ — 10 — 16 — — 106 — 239 — — 
10 — 4 31 — 91 — 247 — — — — — 
15 3 43 162 202 322 529 — — — — — — — 
25 22 226 571 672 889 959 
14 0 0 0 12 30 
5 — 36 — 87 — 114 — 201 — — — 486 — 
10 18 48 — 116 — 252 — 318 — — — — — 
15 30 147 262 348 495 738 — — — — — — — 
25 62 300 652 867 — 978 - — — — — — — 
Table 9. Influence of temperature and amount of added Inoculum of nitrifiera 
on nitrification in a heavily limed Taintor silty clay loam, pH 7.9 
Amount of 
inoculum Temper- Nitrate nitrogen - ppm 
added ature Incubation period - weeks 
n = 1 ml °C 172 I 1-1/2 2 2-1/2 3 4 5 6 8 Ï5 19 
0 — 0 — 1 — 0 1 — — 2 — 3 
5 — 2 — 1 - 0 1 — — 7 — 21 
10 — 2 — 6 — 18 — — 228 381 599 — 
15 3 3 12 25 — 102 510 — 927 837 — — 
25 9 111 449 776 - - 835 - - - - -
0 0 0 0 16 
5 — 0 — 0 — — 3 — — 9 — 57 
10 — 6 — 18 — 57 — 213 — 459 637 — 
15 — 12 39 112 216 465 702 — — — — — 
25 27 399 704 748 - - 870 - - - - -
0 0 0 0 12 
5 — — — — — — 1 — — 15 — 72 
10 — 12 — 37 — 93 231 372 — — — — 
15 6 30 92 206 426 639 858 — — — — — 
25 57 589 908 788 969 — — — — — 
Table 10. Maximum nitrification rates (K values®) and relative maximum 
nitrification rates (R% values^3) in widely varying soil conditions 
at several temperatures 
Incubation temperatures. °C 
Soil Year 
25 20 15 10 8 5 0 
K Rtji K K Rip K Rrp K Rrp K R>P K rt 
Clinton 1 64 20 1.0 14 0.70 8 0.40 2 0.10 
Webster 1 54 45 1.0 33 0.73 20 0.45 5 0.11 
Muscatine 1 54 55 1.0 40 0.73 28 0.51 4 0.07 
Taintor 1 55 44 1.0 37 0.83 30 0.68 10 0.23 7 0.16 
Webster '55 167 1.0 138 0.83 102 0.61 56 0.34 42 0.29 2 0.01 
Harpster 1 55 216 1.0 135 0.68 128 0.60 65 0.30 68 0.31 1 0.01 
Taintor P .1.° 1 56 95 1.0 87 0.91 42 0.44 15 0.16 11 0.11 
Taintor S .P.I .0 * 56 83 1.0 54 0.69 39 0.47 13 0.15 4 0.05 
Webster P .1. 1 56 78 1.0 56 0.72 28 0.36 13 0.17 9 0.11 
Webster N .P.I . '56 100 1.0 88 0.88 67 0.67 25 0.25 22 0.22 
Limed 
Taintor 1 oa •57 380 1.0 220 0,58 
aK values are actual maximum amounts of NO3-N in ppm/week produced in the soil. 
bR(ji values are derived from comparing the maximum amounts of NO3-N in ppm/week 
produced at a given temperature, with the amount of NO3-N in ppm/week produced at 
25°C. 
CP.I. and N.P.I, refer to prelncubated and nonprelncubated. 
do, 3-1/2, 7, 10-1/2, 14 refer to the number of days of preincubation at 25°C 
previous to incubation. 
Table 10. (Continued) 
Incubation temperatures. °C 
Soil Year 
25 20 15 10 8 5 0 
K RQJ K Rip K Rj K Rgi K R^p K Rrp K Rrp 
Limed 
Taintor 3-1/2 ' 57 500 1.0 210 0.42 
Limed 
Taintor 7 «57 450 1.0 230 0.51 
Limed 
Taintor 10-3/2 • 57 450 1.0 240 0.53 75 0-13 33 0.07 
Limed 
Taintor 14 » 57 550 1.0 320 0.58 100 0.16 45 0.08 
Limed 
Taintor n® ' 57 700 1.0 410 0.58 90 
to i—i o
 
Limed 
Taintor 5n 1 57 700 1.0 420 0.59 85 0.12 
Limed 
Taintor 10 n 1 57 900 1.0 420 0.47 140 0.10 
Mean % 1.0 0.8 0.5 0.2 0.2 0.15 0.01 
en, 5n, 10n refer to the amount of initial inoculum added to each soil sample 
where n refers to 1 ml of initial inoculum of nitrifying bacteria. 
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were encountered in the soils used in this study, as well as 
other studies (5, 20, 23). The influence of temperature on 
nitrification seemed inconsistent and variable. 
At 25° C, in the Harpster soil of Figure 4, nitrate pro­
duction from added ammonium was 216 ppm per week whereas in 
Taintor soil of Figure 2, only 44 ppm of nitrate nitrogen were 
produced per week. Data at other temperatures and for other 
soils, indicate similar differences, with the lowest rate at 
25° C in Clinton soil of 0 ppm per week and the highest rate 
in limed Taintor soil of 900 ppm per week of nitrate nitrogen 
as indicated in Figures 2 to 16. With such variation in 
actual maximum rates, it appeared impossible to determine 
the detailed influence of temperature on the maximum rate of 
nitrification. 
To overcome the difficulty of widely varying maximum 
rates, the rates were given relative values. Maximum nitrifi­
cation rates at 25° C were set at 1.0. The rates at lower 
temperatures were a fraction of the rate at 25° C• These 
fractions which are the relative maximum nitrification rates 
(Rt) at other temperatures were determined and included in 
Table 10. These Rrp values were termed temperature rate 
indices. Figure 17 shows the temperature rate indices 
plotted against temperature. It appeared that temperature 
had a marked nearly constant effect on the maximum nitrifi­
cation rate when evaluated on this relative basis. The curve 
Figure 15. Influence of addition of nitrifying bacteria 
on the nitrification curve at 25° C in a 
Hamburg silt loam subsoil with an Initial 
pH of 8.3 
(n = 1 ml of inoculum) 
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Figure 16. Influence of addition of nitrifying bacteria 
on the nitrification curve at 25° C in an 
autoclaved, limed, Harpster silty clay loam 
(n = 1 ml of inoculum) 
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Figure 17. Influence of temperature on the temperature 
rate index (Bj) 
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In Figure 17 may be used to estimate the effect of tempera­
ture on the maximum nitrification rate between 0° and 25° C• 
If the maximum nitrification rate for any one soil is known 
at one temperature, K may be estimated at other temperatures. 
To further test the validity of the curve, rates for 
soils studied by other investigators were used when a maximum 
nitrification rate could be obtained from the data (6, 20, 
23). In the Genesee soil used by Frederick (23), the temper­
ature rate indices were 1.0, 0.7, 0.5, 0.1 and 0.02 at 27, 
21, 15.5, 7 and 2° C, respectively. From Gerretsen's (23) 
data, indices of 1.0, 0.8, 0.6, 0.4, 0.15 and 0.03 were deter­
mined for temperatures of 25, 20, 15, 10, 5 and 0° C. Both 
sets of indices closely approached those in Figure 17. 
Anderson and Purvis (6) used temperatures between 2 and 
11° C• At 11, 8.3 and 5° C, the maximum rates of nitrate 
production in a Nixon sandy loam at pH 4.9, were about 12, 
8, 2-3 ppm nitrate nitrogen per week, respectively• These 
rates were in the same approximate ratios ss the indices in 
Figure 17 at similar temperatures. These data also substan­
tiated the validity and usefulness of the temperature indices. 
2. Influence of initial population 
of nitrifiera 
Differences in initial population of soils were produced 
both by adding a solution inoculum of nitrifying organisms 
and by varying the length of the preincubation periods. Study 
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of the maximum slopes of the curves in Figures 7 to 16 showed 
that differences in initial population produced by preincuba­
tion or by addition of solution inoculum had little effect on 
maximum nitrification rates at temperatures greater than 10° 
0. At 10° C or lower there may have been an interaction be­
tween temperature and population. Soils incubated below 10° C 
with low initial populations tended to produce nitrate at a 
slower rate than where larger amounts of Initial inoculum 
were added. Either organisms remained in the lag phase for 
20 weeks or more, or else the rate was slow and constant. 
The multiplication rate was inhibited or their rate of activ­
ity was retarded or both. Further studies are needed to deter­
mine the cause of the difference in the effect of nitrifier 
population on maximum nitrification rates at temperatures 
above 10° C and those below 10° C. 
3. Influence of initial pH 
During the process of nitrification, as the ammonium 
was converted to nitrate, the pH of the medium decreased. 
This decrease in pH below 6.5 exerted an inhibitive effect 
on the activity or growth of the nitrifying organisms. The 
magnitude of this Influence has not been fully studied but 
pH determinations were made on most of the soils studied and 
some observations may be made from the results. 
Nitrification rate was greatly inhibited when soil re­
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action was lowered to pH of 5 to 6. Data In Table 3, plotted 
in Figures 2 to 4 show that maximum nitrification rates in 
Harpster pH 7.8, Webster pH 7.0, Taintor pH 6.2, and Clinton 
pH 5.2 soils at 25° C decreased from 216 to 167 to 44 to 0 
ppm of nitrate nitrogen per week, respectively. Similar 
effects could be noted at most temperatures. Differences in 
the other soil characteristics may partly invalidate this com­
parison but this and other data (5, 11, 20, 34, 39) were 
strong evidences that soil reaction was a major factor affect­
ing maximum nitrification rate. 
A Clinton soil previously used (54) having a pH of 5.6 
showed slow but appreciable nitrification at all temperatures 
between 8 and 30° C. The following year the freshly obtained 
Clinton soil in Table 3 having a pH of 5.2 did not appreciably 
nitrify the added ammonium. The two Clinton soils were incu­
bated under similar conditions, and soil characteristics were 
similar except for pH, yet nitrification rates were higher in 
the soil with the highest pH. The same Clinton bulk soil 
sample from which the data was obtained in Table 3, upon the 
addition of limestone and nitrifiers by Inoculation, nitrified 
37 ppm of nitrogen in two weeks. A check Clinton soil, which 
was inoculated, but with no limestone added, nitrified only 
7 ppm of nitrogen in the same period. Results similar to 
these have been published by other workers (15). No definite 
conclusions can be drawn about the effect of pH on maximum 
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rate since the increased amount of nitrate formation in the 
limed soil may1 have been due to an increase in maximum nitri­
fication rate or due to a decrease in the lag period, or both. 
Nitrification, however, was greatly affected by limestone addi­
tion which raised the pH of the soil. 
Since soil reaction was known to influence nitrification 
an attempt was made to maintain a pH above 6.5 throughout the 
experiments on population effects, so that low soil reactions 
would not inhibit the maximum nitrification rate. Two or 
three gm of limestone of 60 mesh size were added to each 25 
gm sample of Taintor soil. Soil reaction determinations were 
made periodically to check the effectiveness of the treatment 
in maintaining high pH. Limed Taintor soils had an initial 
pH of 7.6 and at no time did the pH decrease to below 6.5. 
Rates of nitrification were enhanced tremendously even when 
no inoculum was added to the soil. A comparison of the check 
Taintor soil in Figure 14 with the Taintor soil in Figure 2 
at comparable temperatures showed this great increase in 
nitrification rate. Limed Taintor soil incubated at 25° C 
nitrified as much as 380 ppm of ammonium nitrogen per week 
compared to less than 100 ppm In unlimed Taintor soil. 
A comparison of nitrification In preincubated and non-
preincubated Webster, pH 7.0, Taintor, pH 6.2, Hamburg, pH 
8.3, and Clinton, pH 5.2, soil was made at several tempera­
tures. There were no attempts to control soil reaction but 
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pK determinations were made at all sampling intervals. 
Figures 5 and 6 show that there was a noticeable difference 
in nitrate production between nonpreincubated and preincubated 
soils. In the Taintor soils, where pH were not greatly dif­
ferent, maximum nitrification rates were 83, 54, 39, 13 and 4 
ppm of nitrate nitrogen in the nonpreincubated and 95, 87, 
42, 15, and 11 ppm of nitrate nitrogen in the preincubated 
soil at temperatures of 25, 20, 15, 10 and 5° C, respectively. 
Nitrification rates were 100, 88, 67, 25 and 22 ppm of nitrate 
nitrogen in nonpreincubated and 78, 56, 28, 13 and 9 ppm of 
nitrate nitrogen in preincubated Webster soil at 25, 20, 15, 
10 and 5° C, respectively. After the preincubation period 
the Webster soil had a pH of 6.0. This low soil reaction 
appeared to inhibit maximum nitrification rate compared to 
the nonpreincubated Webster soil which had an initial pH of 
7.0. Clinton soil failed to nitrify so no data was given, 
while the data for Hamburg soil in Table 14 were so incon­
sistent, that no conclusions were drawn. 
In these soils a pH of between 5.0 to 6.0 exerted an 
appreciable retarding effect on maximum nitrification rate. 
4. Influence of other factors 
Although other environmental factors were not studied 
they undoubtedly affected the maximum rate of nitrification. 
At a constant temperature of 25° C, initial pH of 7.8-8.3, 
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and controlled moisture and aeration, the maximum rates were 
216, 340, and 380 ppm per week of nitrate nitrogen for the 
Harpster soil in Figure 4, the Hamburg soil in Figure 15 and 
the uninoculated, limed Taintor soil in Figure 14, respec­
tively . Organic matter, texture, exchange capacity, and 
other soil factors probably are influential in governing rate 
of nitrifier activity and the effects will have to be studied 
and elucidated in order to be able to predict nitrate produc­
tion in soils. 
B. Lag Period 
Numerous workers (10) have established that the addition 
of an energy source is followed by an adjustment period or 
lag phase, during which time multiplication did not occur or 
occurred slowly. This adjustment may have been due to the 
lack of some essential intermediates which must have been pro­
duced or obtained from some source, or it may have been due 
to a toxicity to the cell which had to be overcome before 
rapid growth and multiplication could proceed. The duration 
of the lag was affected by a number of factors. The temper­
ature, number of cells, organism type, organism condition, 
and the medium have been shown to influence the lag period 
(66). Lag period varied from less than one day to about two 
weeks at 25° C in the Webster and the limed Taintor soils, 
respectively. At 5° C the lag periods in the same soils were 
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four days and greater than 20 weeks. 
1. Influence of Initial 
population of nltrlflers 
Population of nitrifying organisms as an important factor 
in affecting amount of nitrification occurring in soils has 
been suggested previously (6, 19); yet further quantitative 
proof was desirable• The study was set up to attempt to 
determine whether population of nltrlflers was an important 
factor and if so to determine the nature of the effect. 
Shown in Figures 7 to 16 are nitrate production curves, 
wherein initial population of nltrlflers were varied by pre­
incubation or addition of solution inoculum and soils were 
incubated at constant temperatures. At any one temperature 
the lag period invariably decreased with increasing initial 
population. 
At no rate of inoculum where sampling intervals were 
sufficiently frequent (1/2 weeks) to detect It, was the lag 
period zero. Even though the sampling frequency was greater 
in this study than had previously been used, the 1/2 week 
intervals still appeared too long at the higher temperatures, 
15° and 25° C, for adequate characterization of the lag 
period. 
Determinations made on soils incubated at 15° to 25° 0 
and sampled at weekly intervals may have masked the lag phase 
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since at these temperatures the lag period was short. This 
masking of the lag may, in many cases, have resulted in an 
estimation of the maximum rate which was too low. All the 
curves were drawn from the first sampling date to zero by a 
straight line. This straight line did not, in most cases, 
represent the actual curve which probably would show a defi­
nite lag period if more frequent samplings were made. 
Exact quantitative relationships between population of 
nltrlflers and lag periods could not be determined from these 
data because of the difficulties encountered in making accu­
rate counts and the lack of detailed data for lag periods. 
The possibility of obtaining accurate lag data would be in­
creased by running sufficient replications of soil samples 
and sampling them at more frequent intervals than has pre­
viously been done. 
If the lag period occurring in a slowly nitrifying soil 
could be decreased to a magnitude similar to that of a rapidly 
nitrifying soil by the addition of nitrifying organisms, it 
would indicate that population was the major factor influenc­
ing the length of lag period in soils of similar pH values. 
The data in Figures 15 and 16 indicate that nitrification in 
Hamburg subsoil which had previously shown a lag period of 
about two weeks at 25° C, was decreased to about one day by 
adding increasing amounts of inoculum. This lag period was 
about the same as the uninoculated, unautoclaved, check 
6? 
Harpster soil, a rapidly nitrifying soil. Autoclaving the 
Harpster soil increased the lag period to about one week even 
when large inocula of nltrlflers were used. A possible tox­
icity due to manganese (21) or other inhibitive substance may 
have arisen during autoclaving. The maximum rate of nitrifi­
cation in the Harpster soils autoclaved twice for 4 to 5 
hours at 15 pounds pressure and then inoculated, did not 
exceed but approached the rate in the unautoclaved check soil. 
Previous reports (53) showed increases in ammonium and nitrate 
production due to partial sterilization. These data did not 
verify this observation, but may have been due to the removal 
of ammonium supply as a limiting factor. 
Table 12 gives counts of nitrifying organisms made at 
three intervals. Initial nitrifier population of Hamburg 
and Harpster soils appeared to be about 1,000 organisms or 
less. The added inoculum increased the number of nitrifying 
organisms in the soil. The amount of nitrification was higher 
in the inoculated than in the uninoculated Hamburg soil. It 
can be noted in Figure 15 that nitrification rate in the 
check uninoculated Hamburg gradually increased after a two 
week lag and approached the rate of the Inoculated samples. 
Population appeared to affect the lag period but not the 
maximum rate. Similar results are evident in Figure 16. 
The lag periods in the Harpster samples were about one week 
or less, so toxicity due to autoclaving, if present, was soon 
Table 11. Influence of amount of Inoculum of nitrifying organisms on nitrifica­
tion in a Hamburg silt loam subsoil, pH 8.3, and an autoclaved Harpster 
silty clay loam, pH 7.9, incubated at 25°C 
Amount of Nitrate nitrogen produced - ppm 
inoculum Incubation period - weeks 
Soil Treatment (ml.) 1/2 Ï 1-1/4 1-1/2 1-3/4 S 2-1/2 3 3-1/2 4 
Hamburg 
Harpster 
Check 0 0 9 56 164 323 336 
Inoculated 1/2 60 203 390 514 561 — 
» 2 204 354 624 577 — — 
» 3 284 509 573 598 — — 
n 4 353 560 492 579 — — 
» 5 362 584 564 554 • - -
Check 0 154 323 484 641 630 704 738 
Sterilized 0 0 1 0 0 0 0 0 — — 
Sterilized 
and 
inoculated 1/2 0 6 26 91 271 430 288 — — 
n 2 0 37 118 324 352 513 403 — — 
« 4 29 88 130 224 400 260 509 — — 
n 5 35 106 178 267 377 377 689 — — 
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Table 12. Population of nitrifying organisms in Hamburg 
silt loam subsoil and Harpster silty clay loam 
following the addition of several rates of 
inoculum of nitrifying bacteria 
Soil 
Amount of 
inoculum 
added per 
25 gm soil 
Number of nitrifying bacteria 
r>er em soil 
Weeks after treatment 
0 1/2 2 2-1/2 
Hamburg No inoculum 240 2,400 93 
n 850 1,800 49 
n 94 3.500 325 
Means 400 2,500 100 
1/2 ml 10,800 792,000 
n 13,000 — 141,000 
» 13.000 — 21,700 
Means 12,000 300,000 
2 ml 26,600 
« 52,000 — 
n 34.900 — 
Means 38,000 
3 ml 52,000 1,410,000 
n 69,000 3,490,000 H 69.000 2.400.000 
Means 63,000 2,500,000 
4 ml 792,000 792,000 M 93,000 2,400,000 493,000 II 109.000 2.400.000 1.300.000 
' 
Means 100,000 2,000,000 860,000 
5 ml 34,000 7,920,000 
n 69,000 4,930,000 
u 43.000 2.400.000 
Means 49,000 5,000,000 
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Table 12. (Continued) 
Amount of 
inoculum Number of nitrifying bacteria 
added per Weeks after treatment 
Soil 25 gm soil 0 1/2 2 2-1/2 
Harpster No inoculum 2,400 9,000 108,000 
m 80 1,300 24,000 
» 500 5.000 33.000 
Means 1,000 5,000 55,000 
4 ml 24,000 2,400,000 
« 27,000 4,930,000 
M 700 3,290.000 
Means 17,000 3,500,000 
Inoculating ; solution­ 68,000 
nltrlflers/ na 41.000 
Means 50,000 
overcome. 
The estimated number of 50,000 nltrlflers per ml of 
inoculum solution was about one tenth and about one half as 
great as the number of nltrlflers accounted for, in the Ham­
burg and Harpster soils, respectively, by the counts made on 
the soil samples immediately after the addition of the in­
oculum. Initial counts in the Hamburg soil, although much 
higher than expected, approximately corresponded to the 
ratio in which the population was added. An exception is 
noted for Hamburg soils to which five ml of Inoculum was 
added. The cause of the excessive numbers in the soil dilu­
tion counts was not known. 
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The initial count, 17,000 nitrifiera per gm of autoclaved 
Harpster soil to which four ml of Inoculum were added, was 
unexpectedly lower than the 100,000 count for the same in­
oculum addition in Hamburg soil. The environment encountered 
by the organisms in the autoclaved Harpster soil may have been 
toxic or there may have been a tendency for the organisms to 
clump together and adhere to the Harpster more than the Ham­
burg soil. Another plausible explanation is that it was more 
difficult to disperse the soil aggregates in Harpster than 
in Hamburg soil due to differences in organic matter con­
tent . Organisms may have been absorbed within the more stable 
Harpster aggregates and were not counted. 
A large increase in the nitrifier population was evident 
up to two weeks incubation, after which there was, according 
to the data, a decrease in population. Some inhibitive fac­
tors, such as lack of ammonium in some cases, may have caused 
death to organisms and decreased the viable count. 
2. Influence of temperature 
Increasing temperature affects biological and chemical 
reactions by increasing the rate up to an optimum, after 
which the rate decreases. Increased activity and growth of 
bacteria during the lag phase may be limited by the rate of 
a biochemical reaction which produces a necessary intermedi­
ate. If this is so, then temperature will affect the duration 
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of the lag period. 
Figures 7-16 indicate that at no temperature was the lag 
period zero. Estimated lag periods, derived by extending the 
maximum nitrification rate line to the time axis, range from 
less than one day in Webster soil to about two weeks In Ham­
burg and limed Taintor soil at 25° C. At 5° C the lag period 
increased to greater than 20 weeks in Taintor soil. In gen­
eral, the lag period decreased with increasing temperature 
when population was constant. Quantitative relations between 
the lag period and temperature would be helpful in estimating 
total amount of nitrification, but due to inconsistencies of 
the data the relationship could not be evaluated. More fre­
quent sampling periods were apparently necessary to adequately 
characterize the lag periods. 
3. Influence of other factors 
Since the medium to which organisms are inoculated 
affects lag duration, any factors which cause differences in 
the soil medium may have influenced the lag phase of nitrifi­
cation. Aeration and moisture were controlled. Soil reac­
tion, texture, buffer capacity, and organic matter containing 
toxic substances were among the other factors that may have 
affected the lag period in these soils. Variations in initial 
soil reaction may affect the lag period through its influence 
on the population of nltrlflers. Soils such as Webster and 
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Harpster which have an alkaline initial reaction had a lag 
period of lees than two days while Taintor and Clinton soil 
of lower pH had lag periods near one week at 25° C. Low pH 
in soil may also increase the solubility of toxic materials 
such as iron and aluminum and thereby decrease the population 
or increase the lag period. 
The autoclaved and inoculated Harpster soil in Figure 16 
exhibited a lag of one week greater duration than the check 
Harpster soil. It was assumed that some toxic material in 
the soil due to autoclaving caused an increase in the lag 
period. 
C- • Variation in Nitrification in Soils 
1. Prediction of nitrification 
In all the experiments of this study, similar incubation 
conditions were maintained. Moisture and aeration were main­
tained within a favorable range at each temperature, but there 
were differences in inherent soil characteristics. The soils 
used varied in organic matter, texture, length of storage, 
soil reaction and exchange capacity. Since the lag period 
and maximum nitrification rate varied greatly among soils, 
as noted in figures 3 to 16, some of the differences were 
apparently due to the above factors. Population of nitrifiers 
have been shown to be sensitive to some of the above condi­
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tions (16, 24, 25, 39), and since the organisms initiate and 
perform the nitrification reactions, the factors will alter 
nitrification. Although studies have shown that environ­
mental conditions influence nitrification, few studies have 
been undertaken to determine the magnitude of the Influence 
as the conditions vary from the minimum to the maximum point 
for nitrification. If such data were available for all the 
influencing factors, then nitrate could be exactly calculated. 
Since it is very difficult and in some cases impossible to 
obtain accurate data over wide variation in conditions, our 
detailed knowledge of nitrification in soils is sparse and 
exact calculations cannot yet be made. 
Since the expression of the Influence of temperature on 
maximum nitrification rates has made possible the derivation 
of nearly constant indices (R% values), and with the quanti­
tative data on the influence of temperature and the data on 
the influence of population of nitrifying organisms on 
nitrification as a background, it appeared feasible to evalu­
ate other factors similarly, and to formulate an expression 
which will permit an estimation of the amount of nitrate 
production in soils. 
In further elaboration of the basic straight line equa­
tion (55) as illustrated in Figure 1 for the approximate cal­
culation of the amount of nitrate which would be produced 
from a nonlimiting source of ammonium, the following equation 
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vas postulated: 
(1) N = Kp Rk (t-tFrt) where, 
N is the amount of nitrate formed from a nonlimiting ammonium 
source in time t; Kp, a factor which would have to be deter­
mined by an incubation study, is the maximum nitrification 
rate under given, favorable, nearly optimum conditions; 
%, which is usually a fraction, is a factor based on the 
relative maximum nitrification rate under other given condi­
tions of moisture, temperature, soil reaction, texture, aera­
tion, etc.; t is the time period measured from the date of 
ammonium application, tp is the lag period under given, favor­
able, near optimum conditions; and rt, usually greater than 
one, is a factor based on the relative lag period under given 
conditions of moisture, temperature, soil reaction, texture, 
aeration, etc. R% and r^ may be evaluated by the equations, 
(2) Rk = Rt . Rm • RpH . RTex . RA . Rp . Rx 
and 
(3) rt = rT . r^ . rpH . rTex . rA . rp . rx 
where subscripts T, M, pH, Tex, A, P, and X refer to tempera­
ture, moisture, reaction, texture, aeration, population of 
nitrifiers and a composite of all other influential factors, 
respectively. rT, rM, rpH, rTex, etc., could be expressed on 
a relative basis by setting the lag period at optimum or near 
optimum conditions for each factor equal to one. At all sub-
optimum conditions the lag indices would be greater than one. 
! 
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Since temperature and population have been shown in this 
study to affect lag periods, r% and rp are included, along 
with the other factors, in defining r% in Equation 3. Popu­
lation did not greatly affect the relative maximum nitrifica­
tion rate, R%, but was included as a factor in Equation 2 
because of a possible minor influence. 
To be useful, Equations 2 and 3 must be evaluated by 
obtaining experimental data for each factor which influences 
nitrification. The methods used for evaluating temperature 
and population of nitrifiers in this study may also be employ­
ed for the other factors. 
By determining the optimum or near optimum of each factor 
for maximum nitrification rate and the associated lag period, 
setting this equal to 1.0, then assessing the magnitude of 
the change in maximum rate and lag as the factors vary from 
these favorable, nearly optimum conditions, a standard curve 
of rate indices could be established similar to Figure 17 
for each factor. By using the standard curves for evaluat­
ing Rg and r%, and equation 1, the amount of conversion of 
ammonium to nitrate may be approximately calculated. This 
information may have practical significance, especially in 
humid regions of agriculture. 
To fully evaluate the effect of the various factors on 
nitrification in soils under practical conditions of the 
field, It will be necessary to perform studies in which each 
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factor is alternated over the range of conditions encountered 
in field soils. 
2. Why soils vary in nitrification 
This and other studies (5, 20, 23, 54) have shown that 
actual maximum nitrification rates in soils vary greatly. 
The question might logically arise as to what causes these 
differences. 
Temperature, pH, and population of nitrifying organisms 
have been shown to influence amount of nitrification, and 
other factors as moisture, aeration, organic matter, texture 
and exchange capacity presumably affect nitrification. Soils 
which vary in any one or more of these factors may well be 
expected to vary in the duration of lag and maximum nitrifi­
cation rate. A detailed evaluation of the influence exerted 
on the lag and maximum rate by each factor is necessary before 
the process can be evaluated mathematically. 
Certain inferences may be made, however, from some iso­
lated observations made during these studies. Webster and 
Harpster soils nitrified more rapidly than Taintor and Clinton 
soils, presumably because of the difference in pH. Hamburg 
soil which showed a long lag period may have had a low initial 
population. A soil like Hamburg which was low in organic 
matter would supply ammonium from decomposition at a very 
slow rate and would not support a large population of nitrify­
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ing "bacteria; therefore when ammonium was added a long lag 
period would follow. 
Prolonged storage of soils in air dry condition appeared 
to result in decreased maximum nitrification rate. A compari­
son of the Webster soils in Table 10 used in 1954, 1955 and 
1956 showed that maximum nitrification rates at 25° C were 
45, 167, and 78 ppm per week of nitrate nitrogen, respective­
ly. The Webster soil used in 1954 was a different sample 
than the other two Webster soils and had been stored for two 
or three years previous to the study. The Webster soil used 
in 1955 and 1956 had been stored for about two weeks and one 
year, respectively, before the incubations. These soil samples 
were not greatly different in pH, organic matter content, 
cation exchange capacity, texture or other physical properties. 
Differences in storage periods apparently resulted in changes 
in the biological properties of the soil. A decrease in 
nitrifier population appeared to be a logical consequence of 
storage, yet population decreases have not been shown to 
cause large differences in maximum nitrification rate, and 
storage has, therefore other changes must have also occurred 
upon storage-
If laboratory results are to be comparable to field re­
sults in nitrification, soils should be used as soon after 
obtaining the sample from the field as possible. Storage 
under most conditions will alter one or more factors (3) 
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which influence nitrification; thus lag period and maximum 
rate may vary from that in the field. 
Maximum rates of production of 640 and 340 ppm of nitrate 
nitrogen per week at 25° C for the check, limed Harpster, and 
the check Hamburg soils, respectively, have been determined, 
and lag periods were about one day and two weeks, respective­
ly. These data are presented in Figures 14 and 15. Why 
these soils should vary so greatly in the maximum nitrifica­
tion rate and lag period is not fully understood. Both soils 
had excess carbonates, thus a high pH. Harpster soil had a 
higher organic matter and clay content than Hamburg. There 
were differences in Initial population as shown in Table 12. 
This accounts for the difference in lag periods, but may not 
affect the maximum rate greatly. Which factors exert the 
greatest Influence on the actual nitrification rates in these 
soils is still not known, and thus bear further investigation. 
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V. SUMMARY AND CONCLUSIONS 
1. A study was made of the influence of population of 
nitrifying organisms, temperature and initial soil reaction 
on the lag period and maximum nitrification rate as measured 
by nitrate production from an ammonium source. Several Iowa 
soils stored for differing periods, with varying properties 
of pH, organic matter, texture, as well as other properties 
were incubated for several time intervals under controlled 
conditions of moisture, aeration, and temperature. 
2. Frequent nitrate determinations were made so that 
the nitrification curve could be characterized end the lag 
periods and the maximum nitrification rates could be graph­
ically derived. For greater precision In evaluating lag 
periods, even greater frequency than used here may be neces­
sary. 
3. Actual maximum nitrification rates (K values) varied 
from 0 to 900 ppm of nitrate nitrogen per week and lag 
periods (t') varied from less than one day to two weeks in 
different soils incubated at 25° C. Studies on temperature, 
pH, and nitrifier population were planned to attempt to ex­
plain these variations. 
4. The maximum nitrification rate increased and the lag 
period decreased as incubation temperature Increased from 0° 
to 25° 0. At 35° C nitrification results were inconsistent; 
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sometimes higher and sometimes lower rates than those at 25° C 
were found. 
5. Although soils differed greatly in actual maximum 
nitrification rate at each temperature, there was a near 
constancy in the relative effect on maximum rate, of varying 
temperature from 25° to 0° C in the soils studied. Relative 
maximum nitrification rates at 25, 20, 15, 10, 5 and 0° C were 
1.0, 0.8, 0.5, 0.2, 0.15 and 0.01, respectively• A soil could 
be incubated at any one temperature to determine the maximum 
nitrification rate at that temperature, then the maximum rate 
of ammonium oxidation at other temperatures could be approxi­
mately estimated using the temperature rate indices or Rp 
values above. 
6. The increase in pH from 6.2 in an unllmed Talntor 
soil to a pH of 7.6 in a limed Talntor markedly increased 
maximum nitrification rates from 83 to 380 ppm nitrate nitro­
gen per week at 25° C and slightly decreased the lag period. 
7. Increase In initial population of nitrifiers obtained 
either by preincubation or by Inoculation decreased the lag 
period greatly but apparently had little effect on maximum 
nitrification rate at constant temperatures above 10° C. 
8. The equation N = KpR% (t - tpr^) may be used for 
estimating the amount of conversion of ammonium to nitrate, 
if % and r%, which represent the effect of cultural condi­
tions on the maximum nitrification rate and lag period, 
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respectively, can be adequately evaluated. 
9. Prolonged storage of soils under air dry conditions 
tended to result in a decreased maximum nitrification rate 
and slightly increased lag. 
10. Maximum nitrification rates and lag periods are 
also influenced by soil properties other than those studied, 
since variations were observed which were not completely 
explained by the investigated factors. 
11. Estimates of nitrifying population by dilution 
technique indicated that during incubation, population of 
nitrifiers in soils increased up to two weeks, then decreased. 
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VIII. APPENDIX 
Table 13. Influence of temperature and rate of ammonia additions on 
nitrification in soils 
Nitrate nitrogen - ppm 
Incubation temperature 
Treatment 1°C 5UC 
NH4-N Incubation period - weeks Incubation period - weeks 
Soil ppm 8 4 6 8 16 2 3 6 8 16 
Clinton Check 0 0 0 
pH - 5.2 50 0 0 0 
100 0 1 0 
Talntor Check 0 1 0 
pH - 6.2 50 0 0 0 
100 0 1 0 
Webster Check 10 7 9 
pH - 7.0 50 9 7 10 
100 9 5 8 
Harpster Check 2 0 4 
pH - 7.8 50 0 0 0 
100 2 0 1 
0 2 0 4 1 1 2 
0 0 0 4 1 0 0 
1 0 1 2 0 0 0 
1 0 7 14 15 20 23 
0 0 2 19 19 23 28 
0 0 3 19 19 26 32 
11 10 109 153 187 173 154 
12 12 102 161 204 211 163 
10 18 81 141 195 216 194 
4 2 70 157 223 205 136 
5 0 61 173 205 226 148 
2 0 25 205 205 164 211 
Table 13. (Continued) 
Nitrate nitrogen - ppm 
Incubation temperature 
Treatment 8°C 15° C 
Soil 
NH4-N 
ppm 
Incubation period - weeks Incubation period - weeks 
2 4 6 8 16 1 2 3 4 6 8 
Clinton Check 1 4 7 1 2 3 7 5 5 2 8 
50 0 0 1 0 12 2 5 2 3 2 7 
100 2 1 0 0 18 0 2 3 1 0 3 
Talntor Check 5 17 15 22 44 4 21 23 33 32 36 
50 7 24 20 36 102 3 21 33 48 60 53 
100 9 26 21 43 154 5 21 37 65 91 106 
Webster Check 108 170 181 183 289 110 184 202 216 180 227 
50 103 177 193 210 320 109 193 207 225 218 248 
100 126 180 206 206 399 88 211 216 207 241 271 
Harpster Check 95 152 169 163 235 104 164 157 164 173 169 
50 101 194 226 175 298 89 226 189 162 198 228 
100 110 233 242 242 385 141 239 239 232 226 248 
Table 13. (Continued) 
- Nitrate nitrogen - ppm 
Incubation temperature 
Treatment 20°C 25^0 
NH4-N Incubation period - weeks Incubation period - weeks 
Soil ppm 1 2 3 4 6 1 2 3 4 6 
Clinton Check 2 1 4 5 10 1 2 7 7 18 
50 3 9 1 3 7 0 3 12 9 8 
100 1 2 3 4 1 2 4 10 6 7 
Talntor Check 11 27 34 35 44 14 43 44 49 55 
50 10 34 50 60 55 16 49 66 96 94 
100 12 33 57 91 101 21 51 82 126 137 
Webster Check 139 207 218 189 177 169 240 241 234 207 
50 138 217 248 240 202 261 216 248 286 248 
100 136 209 241 248 236 167 248 241 357 302 
Harpster Check 141 154 165 171 152 219 173 164 169 178 
50 123 196 219 182 205 198 205 213 227 248 
100 141 219 248 232 246 232 264 226 264 282 
Table 14. Influence of temperature, soil reaction and rate of ammonia addition 
on nitrification in a preincubated and a nonpreincubated Hamburg silt 
loam subsoil, pH - 8.3 
Incubation period - weeks 
14 8 
Temper- Treatment PI° NPÎ PI NPI PI NPI 
ature NH4-N NO3N pH NO3N pH NO3N pH NO3N pH NO3N pH NO3N pH 
°C ppm ppm ppm ppm ppm ppm ppm 
0 0 — — — — — 8.0 0 8.2 0 8.4 0 8.7 
200 — — — — — 7.9 0 8.1 0 8.4 0 8.5 
400 — — — — — 8.0 0 8.1 0 8.4 0 8.4 
5 0 — — — — — 7.9 0 8.1 0 8.7 0 8.5 
200 — — — — 7.9 0 8.1 0 8.5 0 8.4 
400 - - - - - 7.9 0 8.0 0 8.4 0 8.4 
10 0 «•» 7.9 0 8.2 2 8.3 0 8.5 
200 — — — — — 7.9 0 8.1 28 8.4 0 8.4 
400 — — — — — 7.8 0 8.0 26 8.3 0 8.4 
15 0 2 8.3 0 8.2 190 8.0 2 8.3 — 8.5 0 8.4 
200 4 8.2 0 8.1 190 7.9 30 8.2 — 8-5 0 8.3 
400 0 8.1 0 8.1 190 7.7 22 8.0 - 8.5 0 8.4 
20 0 6 8.3 0 8.2 0 7.9 0 8.2 4 8.2 0 8.2 
200 0 8.2 0 8.2 34 7.8 0 7.9 178 8.2 18 8.2 
400 2 8.1 0 8.1 56 7.7 0 7.8 386 8.1 0 8.2 
25 0 4 8.3 0 8.3 170 7.9 16 8.2 12 8.1 68 8.4 
200 4 8.1 0 8.2 224 7.7 172 7.9 170 7.7 112 7.9 
400 2 8.1 0 8.1 468 7.5 352 7.7 286 7.2 100 7.7 
35 0 0 8.5 0 8.3 170 8.1 16 8.5 16 8.1 
200 0 8.4 0 8.2 214 8.1 72 8.4 — — 20 8.1 
400 4 8.3 0 8.2 170 8.1 14 8.2 — — 6 8.0 
api indicates that soils were treated with 200 ppm NH4-N and preincubated for 
three weeks at 25°C; NPI indicates that soils were not preincubated. 
Table 14. (Continued) 
Incubation period - weeks 
16 32 
Temper- Treatment PI NPI PI NPI 
ature NH4-N NO3N pH NO3N pH NO3N pH NO3N pH 
°C ppm ppm ppm ppm ppm 
0 0 2 8.2 0 8.2 2 — 0 — 
200 4 8.2 0 8.1 4 — 0 — 
400 4 8.0 0 8.0 4 - 0 — 
5 0 4 8.3 0 8.2 4 — 0 — 
200 132 7.9 0 8.0 144 — 0 — 
400 122 7.9 0 8.0 174 - 0 -
10. 0 14 8.3 0 8.2 8 0 
200 192 7.9 0 8.1 274 - 0 — 
400 416 7.7 0 8.0 424 — 0 — 
15 0 — — — — — — — — 
Table 15. Influence of temperature, soil reaction and rate of ammonia addition 
on nitrification in a preincubated and a nonpreincubated Taintor 
silty clay loam, pH - 6.2 
Incubation period - weeks 
Temper- Treatment PI NPI PI NPI PI NPI 
ature NH4-N N03N pH NO3N pH NO3N pH NO3N pH NO3N pH NO3N pH 
°C ppm ppm ppm ppm ppm ppm ppm 
0 0 — — — — 0 5.8 0 6.5 0 5.8 0 6.7 
200 — — — — 0 5.8 0 6.2 0 5.8 0 6.3 
400 — — — — 0 5.8 0 6.2 0 5.8 0 6.2 
5 0 — — — — 9 5.7 0 6.7 35 5.6 0 6.6 
200 — — — — 13 5.7 0 6.5 21 5.6 0 6.3 
400 - - - - 13 5.7 0 6.2 21 5.6 0 6.2 
10 0 — — — 27 5.7 0 6.4 13 5.6 0 — 
200 — — — — 27 5.7 0 6.3 21 5.6 0 — 
400 — — — — 27 5.7 0 6.1 41 5.6 0 — 
15 0 17 5.7 0 6.2 55 5.6 10 6.5 95 5.5 24 6.5 
200 47 5.7 0 6.1 55 5.6 10 6.3 161 5.2 34 6.2 
400 7 5.7 0 6.2 55 5.6 10 6.2 121 5.1 34 6.0 
20 0 23 5.5 0 6.1 51 5.4 16 6.5 135 5.3 58 6.1 
200 23 5.4 0 6.0 51 5.3 16 6.2 185 5.1 112 5.7 
400 23 5.4 0 6.0 51 5.2 16 6.0 225 4.9 124 5.5 
25 0 39 5.5 16 6.5 85 5.4 38 6.2 145 5.3 66 6.1 
200 45 5.4 12 6.1 85 5.3 38 6.0 275 4.9 188 5.3 
400 37 5.4 12 6.0 85 5.3 38 6.0 275 4.9 204 5.1 
35 0 49 5.6 14 6.4 75 5.4 44 6.3 135 5.3 74 5.9 
200 33 5.6 14 6.2 75 5.4 44 6.1 135 5.3 168 5.6 
400 41 5.5 18 6.0 75 5.4 44 6.2 135 5.3 174 5.3 
Table 15. (Continued) 
Incubation period - weeks 
8 16 32 
Temper- Treatment PI NPI PI NPI PI NPI 
ature NH4-N NO3N pH NO3N pH NO3N pH NO3N pH" NO3N pE NO3N pH 
°G ppm ppm ppm ppm ppm ppm ppm 
0 0 0 5.7 0 6.3 37 6.1 0 6.9 35 5.6 8 6.7 
200 0 5.7 0 6.2 33 5.8 0 6.3 41 5.6 8 6.3 
400 0 5.7 0 6.3 53 5.8 0 6.2 47 5.6 8 6.3 
5 0 41 5.4 12 6.6 115 5.5 10 6.7 65 5.5 22 6.4 
200 45 5.4 12 6.2 145 5.5 22 6.2 105 5.4 30 6.0 
400 51 5.1 14 6.2 135 5.2 44 6.0 175 5.3 74 5.7 
10 0 57 5.3 16 6.2 145 5.4 62 6.3 105 5.8 228 6.3 
200 63 5.3 24 6.2 205 5.3 118 5.9 185 5.2 198 5.3 
400 45 5.3 30 6.2 216 5.1 130 5.8 225 5.2 308 5.1 
15 0 97 5.3 50 6.5 — — — — — — — — 
200 181 4.9 154 5.2 — — — — — — — — 
400 217 4.8 188 5.0 - - - - - - - -
20 0 221 5.1 52 6.4 
200 189 4.8 178 5.4 — — — — — — — 
400 235 4.6 248 6.0 — - — — — — — — 
25 0 125 5.0 72 6.0 — — — — — — — — 
200 211 4.8 184 5.1 — — — — — — — — 
400 219 4.8 248 4.5 - - - - - - - -
35 0 121 5.5 94 5.8 
200 125 5.5 188 5.2 — — — — «— — — — 
400 145 5.2 194 5.2 — — — — — — — — 
Table 16. Influence of temperature, soil reaction and rate of ammonia addition on 
nitrification in a preincubated and a nonpreincubated Webster silty 
clay loam, pH - 7.0 
Incubation period - "weeks 
Temper- Treatment PIa MPI PI NPI PI MPI 
ature NH4-N NO3N pH NO3N pH NO3N pH NO3N pH NO3N pH NO3N pH 
°C ppm ppm ppm ppm ppm ppm ppm 
0 0 — — — — 0 6.4 0 7.6 0 6.3 15 7.5 
200 — — — — 0 6.4 0 7.4 0 6.2 13 7.3 
400 — — — — 0 6.4 0 7.3 0 6.2 11 7.2 
5 0 — — — — 20 6.2 21 7.5 34 6.2 39 7.2 
200 — — — — 20 6.2 21 7.2 60 6.1 53 7.1 
400 - - - - 20 6.2 21 7.1 78 6.1 67 7.1 
10 0 — 40 6.1 49 7.3 60 6.1 35 7.2 
200 — — — — 40 6.1 55 7.2 52 6.1 41 7,1 
400 — — — — 40 6.1 55 7.1 42 6.1 39 7.0 
15 0 20 6.0 45 7.1 80 6.0 113 6.7 106 5.8 227 6.4 
200 80 6.0 43 7.0 80 6.0 113 6.7 88 5.8 245 6.4 
400 46 5.9 45 7.1 80 6.0 113 6.7 106 5.8 245 6.4 
20 0 80 6.0 61 6.9 80 5.9 272 6.6 140 5.6 316 6.2 
200 40 6.0 61 6.9 80 5.9 272 6.6 200 5.6 362 6.1 
400 50 6.0 63 6.9 80 5.9 272 6.5 230 5.6 335 6.2 
25 0 80 6.0 99 6.9 140 5.8 251 6.3 240 5.6 305 6.2 
200 60 6.0 103 6.8 140 5.8 251 6.3 312 5.6 395 6.0 
400 80 5.9 107 6.8 140 5.8 251 6.2 312 5.6 405 5.8 
35 0 116 6.0 59 7.0 100 6.1 141 6.8 150 5.8 335 6.2 
200 100 6.0 75 7.0 100 6.1 141 6.9 230 5.7 415 6.0 
400 80 6.0 85 7.0 100 6.1 141 6.8 280 5.6 415 6.0 
^Initial NO3-N for PI soils was 300 ppm, for NPI soils 26 ppm. Both have been 
subtracted. 
Table 16. (Continued) 
Incubation period - weeks 
8 16 32 
Temper­ Treatment PI NPI PI NPI PI NPI 
ature NH4-N N03N PH NO3N pH NO3N pH NO3N PH NO3N pH NO3N pH 
°C ppm ppm ppm ppm ppm ppm ppm 
0 0 0 6.3 13 7.5 110 6.2 33 7.6 70 6.2 95 6.9 
200 0 6.3 13 7.2 120 6.3 45 7.4 80 6.3 135 6.8 
400 0 6.2 13 7.1 120 6.4 33 7.3 90 6.0 155 6.8 
5 0 46 6.0 87 7.0 120 6.1 155 7.0 80 6.0 175 6.6 
200 90 6.0 107 6.7 120 6.1 175 6.8 80 6.0 195 6.4 
400 90 6.0 149 6.5 140 6.1 225 6.5 150 5.8 235 6.2 
10 0 30 5.8 165 6.4 120 6.1 315 6.5 150 5.7 325 6.2 
200 46 5.8 175 6.4 160 6.0 325 6.4 160 5.9 355 6.1 
400 40 5.9 205 6.4 200 6.0 355 6.3 230 5.6 » 6.4 
15 0 140 5.9 251 6.4 — — — — — — — — 
200 218 5.4 345 5.9 — — — — — — — — 
400 210 5.6 345 5.7 - - - - - - - -
20 0 120 5.8 285 6.4 
200 258 5.5 389 5.8 — — — — — — — — 
400 258 5.5 425 5.6 — — — — — — — — 
25 0 150 5.7 443 6.1 — — — — — ' — — — 
200 240 5.4 307 5.7 — — — — — — — — 
400 240 5.4 443 5.4 - - - - - - - -
35 0 0 6.4 307 6.0 
200 42 6.4 307 6.0 — — — — — — — — 
400 42 6.2 307 6.0 — — — — — — — — 
100 
Table 17. Initial pH and nitrate nitrogen content of the 
soils used in these studies 
Initial Initial 
NO3-N NO3-N 
PH before before 
before preincu­ incu­
treat­ Initial bation bation 
Year Soil Treatment ment pH ppm ppm 
1955 Clinton 5.2 5.2 3 
ii Taintor 6.2 6.2 — 2 
ii Webster 7.0 7.0 — 26 
n Harpster 7.8 7.8 - 55 
1956 Clinton PIa 5.2 5.2 3 3 
n Clinton NPIa 5.2 5.2 — 3 
n Hamburg PI 8.3 8 .3 44 46 
II Hamburg NPI 8.3 8.3 - 44 
II Taintor PI 6.2 5.7 2 75 
II Taintor NPI 6.2 6.2 — 2 
II Webster PI 7.0 6.0 25 300 
II Webster NPI 7.0 7.0 - 25 
1957 Hamburg check 8.3 8.3 __ 18 
it « inoculated II 
n « 1/2 ml n 7.7 — 16 
ii H 2 ml II 7.6 — 34 
ii u 3 ml it 7.6 — 36 
ii » 4 ml II 7.6 — 42 
ii n 5 ml II 7.6 - 47 
1957 Harpster check 7.9 7.9 13 
ii II autoclaved II 7.3 — 13 
II » autoclaved & 
Inoculated it 
II II 1/2 ml II 7.3 — 16 
II » 2 ml II 7.3 — 23 
M II 4 ml II 7.3 — 29 
II n 5 ml II 7.3 39 
aPI refers to preincubated, NPI refers to nonpreincubated 
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Table 17. (Continued) 
Initial Initial 
N03-N NO3-N 
pH before before 
before preincu­ incu­
treat­ Initial bation bation 
Year Soil Treatment ment PH ppm ppm 
1957 Taintor limed & pre­
incubated 
II H 0 days 6.2 7.9 0 0 
» H 3-1/2 days II 7.8 0 0 
» ii 7 days II 7.6 0 14 
II ii 10-1/2 days II 7.6 0 26 
II ii 14 days II 7.5 0 48 
1957 Taintor limed & 
inoculated 
IL H 1 ml 6.2 7.8 — 0 
IL H 5 ml N 7.6 — 6 
IL II 10 ml II 7.5 — 12 
